ABSTRACT Approximate ab initio molecular orbital methods are used to examine the structural and electronic properties of oxymorphone. The most stable conformation of the molecule is found to include an intramolecular hydrogen bond between the C-14 hydroxyl group and the nitrogen atom in agreement with available experimental data. The total molecular electron density is transformed to a set of localized molecular orbitals, one of which corresponds to the lone electron pair oh nitrogen. The hydrogen bond is shown to produce substantial bending and stretching of the lone pair when compared to its shape when such hydrogen bonding is precluded.
Morphine (I) and a number of its derivatives are opiates potent analgesics that are addictive. The mechanism by which these compounds elicit biological response is poorly understood but is known to involve initially a'specific interaction with the opiate receptor (1) . Activity of opiates at the receptor has been associated with their protonated (2-5) (Ia) and unprotonated (6-8, : :) (Ib) forms. The spatial characteristics of the nitrogen lone pair may play an important role in opiate activity if the unprotonated form is active or if stereospecific protonation of nitrogen occurs (9, 10) . In an effort to provide information about the mechanism by which the opiates produce their biological effects, a number of substituted morphines with widely varying activities have been prepared. However, the means by which such chemical substitution changes the activity of the parent compound is not clear. For example, the axial hydroxyl group introduced in the C-14 position of hydromorphone (II), yielding oxymorphone H3C\ 6<
(III), raises the potency by a factor of 2 (11) . § This increase is not readily explained by the presently available data on lipophilicities (12) (13) (14) and receptor binding affinities (13) (14) (15) . The C-14 hydroxyl substituent could contribute to the opiate activity of oxymorphone through long-range substituent effects (16) and short-range interactions. One particular short-range interaction, the intramolecular hydrogen bonding between the C-14 hydroxyl and the nitrogen lone electron pair in unprotonated oxymorphone (17) The geometry of unprotonated oxymorphone was taken from a recent determination of crystal structure (17) . The that the most stable rotamer (r = 300) is that in which maximal N-H hydrogen bonding may be realized; namely, this rotamer contains the shortest internuclear distance (2.10 A) and the greatest Mulliken overlap population (0.017) between these two atoms. Further evidence of an intramolecular hydrogen bond in the minimal energy conformation is supplied by dilute solution studies of oxymorphone 3-methyl ether in an inert solvent (23) and of several other oxymorphone derivatives (24, 25) . A different minimal energy rotamer, containing no such intramolecular hydrogen bond, has been obtained by Loew et al. (12) using the semiempirical PCILO (perturbation configuration interaction using localized orbitals) method. In addition to using a different quantum chemical procedure from the one used here, Loew et al. also performed their calculations upon a different geometry of oxymorphone. Their structure was based on an x-ray diffraction study of naloxone and the assumption was made (12) that the skeletal structures of naloxone and oxymorphone are identical. However, there exist several important differences in the geometries of the two molecules (17, 26) . In addition, Loew et al. positioned all H atoms, including the C-14 hydroxyl hydrogen, by using standard rather than experimental bond lengths and angles.
The results obtained by Loew et al. (12) are shown in Fig.  1 , where they may be compared with the energies of various rotamers calculated here via PRDDO. As previously noted, the most stable PRDDO rotamer occurs at T = 300 and includes an intramolecular hydrogen bond. A second minimum, 2.2 kcal/ mol higher in energy, is found at T = 300'. The same two minima were found by PCILO, but they are reversed in stability with the hydrogen-bonded rotamer 0.5 kcal/mol less stable than the rotamer at T = 3000.
The difference in results may be attributed to two factors: (i) the different quantum chemical methods used (PRDDO in contrast with PCILO) and (ii) the different geometries (oxymorphone in contrast with naloxone). In order to determine to what extent the differences in geometry influence the results, the PRDDO method was applied to the structure used by Loew et al. (12) . By using this combined approach, the rotamer at T = 300 was found to be more stable than that at X = 3000 by only 0.5 kcal/mol. These two rotamers were thus found to have the same order of stability as when the oxymorphone x-ray geometry was used, but the difference in energy has been reduced by 80%. It is therefore apparent that the reversal in stability of the two rotamers found by Loew et al. is largely due to the use of an assumed, rather than experimentally determined, geometry of oxymorphone. The remaining discrepancy in results may be attributed to the difference in quantum chemical procedures. The PGILO method includes correlation energy contributions, but is based upon the complete neglect of differential overlap semiempirical parametrization. The latter approximation has been shown to lead to certain spurious results, among which is a very poor description of some hydrogen bonds (27, 28) . These difficulties do not arise with the PRDDO procedure (29) . In addition, the PCILO method has been reported to produce anomalously low energies for several unstable conformations (30) .
It is a principal objective of this paper to examine the effects of the intramolecular hydrogen bond upon the nitrogen lone electron pair of oxymorphone. In order to examine the spatial characteristics of this lone pair, the delocalized "canonical" molecular orbitals obtained by the Hartree-Fock treatment were transformed to an equivalent set of localized molecular orbitals (LMO) by the Foster and Boys procedure (31) . This transformation leaves the total electron density unchanged, but the individual LMOs obtained closely parallel the traditional concepts of chemical bonds, lone pairs, and nonvalence inner shells.
One indication of the directionality of the N lone pair may be obtained from the hybridization of the N atomic orbitals in the lone pair LMO. For example, if the coefficients of the 2s, 2px, 2py, and 2pz orbitals were 0.7, 0.5, 0.5, and 0.0, respectively, the lone pair could be depicted as in Fig. 2A . The "direction" of the lone pair, as represented by the solid arrow, lies in the xy plane, making angles of 450 with the x and y axes. It was found that the direction of the N lone pair of unprotonated oxymorphone, when measured in this way, was quite independent of the position of H, varying by less than 0.4°for all rotamers.
The above prescription, however, yields only the "original" direction of the lone pair; i.e., the direction at the nucleus. Whereas this may be an accurate representation for a symmetrical lone pair ( Fig. 2A) , it would be quite misleading for an asymmetric lone pair (Fig. 2B) , where the curved dotted arrow would more accurately represent the directionality. Such asymmetry would result from contributions of electron density to the LMO by centers other than nitrogen (e.g., the H atom involved in the hydrogen bond).
Because the N lone pair may play an important role in the binding and activity of oxymorphone, it is important to determine its directionality at distances of several angstroms from the N nucleus. In order to accomplish this task, we have constructed contour plots of the N lone pair LMO of unprotonated oxymorphone. These plots are shown in Fig. 3 for two rotamers: (A) the minimal energy structure (r = 30°) with maximal N-H hydrogen bonding and (B) one with no such bonding possible because H has been rotated 1800 away from its position in Fig. 3A . The plots are drawn in the plane containing the "original" lone pair axis (solid arrow) and the 0 atom. Also shown is the projection of H onto this plane and the "true" lone pair direction (dotted arrow).
An obvious feature of Fig. 3 is the distortion of the N lone pair caused by the proximity of the 14-hydroxyl H atom. The interaction of the H and N atoms results in a stretching of the lone pair as well as a change in its direction. The 0.01 contour, which we arbitrarily choose as the boundary of the lone pair, extends to 2.63 A from the N nucleus in Fig. 3A whereas it only reaches to 1.93 A when the H atom is rotated away from N. Perhaps more striking is the change in lone pair directionality induced by the N-H interaction. At distances from the N nucleus of greater than -1.5 A, the lone pair direction is distorted by 20°f rom its direction when the N-H interaction is precluded (Fig.  3B) .
Plots of the N lone pair in planes other than that used for Fig.  3 (e.g., the plane containing the H atom) show stretching and bending properties quite similar to those illustrated in Fig. 3 .
Because of the contribution of electron density from the hydrogen center to the LMO shown in Fig. 3A , it might perhaps be more appropriate to refer to this orbital as a "hydrogen bonding" LMO. We retain the "lone pair" nomenclature both for the sake of convenience and because, for all rotamers of oxymorphone, by far the largest fraction of the total electron density of this LMO was associated with the N center. The percent contribution from all other centers to this LMO was only 13% for the hydrogen-bonding configuration in Fig. 3A as compared with 12% for Fig. 3B . However, regardless of nomenclature, the calculated results show a stretch and bend of the LMO by some 0.7 A and 20°, respectively.
We would like to finally note that the lone pair deformations described here for oxymorphone are not limited to this molecule alone. Distortions of a similar magnitude caused by hydrogen bonding have been noted previously by Gordon and coworkers (32, 33) 
